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ARTICLE INFO ABSTRACT 


In this work, we synthesize a sandwich-structured graphite-metallic silicon@C (MS-G@C) composite, 
which shows good electrochemical performance compared to metallic silicon or graphite-metallic 
silicon. The improved electrochemical performance may be ascribed to the sandwich structure of the 
composite with the carbon coating on metallic Si and to the metallic Si particles with high electronic 
conductivity according to the results of four probe tester measurement and a density functional theory 
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study. When evaluated as an anode material for LIBs, the low cost MS-G@C anodes Exhibit 830 mAh g`! 
at 0.5C, 650 mAh g`! at 1C, and 251.2 mAhg™' at 5C, respectively, and after 100 cycles with an average 
capacity loss of only 0.02% per cycle at 0.5 C. The synthetic method presented in this paper is provided a 
facile and low-cost strategy for the large-scale production of silicon-based material as an anode in LIBs. 


1. Introduction 


Secondary Li-ion batteries are promising energy storage 
sources for many aspects of applications, such as portable 
electronic devices, electric vehicles (EVs), and stationary grid 
storage [1-3]. To meet the increasing energy density requirements 
of the EVs, many materials with high energy density, high power 
density and long cycle life are extensively studied [3-5]. Among 
those materials, Silicon-based materials are promising candidates 
to substitute currently commercialized graphite anodes due to 
their safety, natural abundance, relatively low discharge potential 
(<0.5 V), and high theoretical specific capacity of 42200 mAhg~ "4, 
which is 10 times higher than that of graphite (372 mAhg~') [6-8]. 
However, Si suffers from huge volume expansion/contraction 
(>300%) during lithiation and delithiation processes, leading to the 
pulverization and electrical disconnection of Si particles, unstable 
solid electrolyte interface (SEI) film formation and thus poor cycle 
life of the electrode [9]. Furthermore, poor electronic conductivity 
of Si results in inferior rate performance and severe capacity fade, 
whereas lithium ions remain irreversibly trapped into the Si 
electrodes [10]. 

In order to solve the above issues, several approaches have been 
proposed, including using: (1) new binders to prevent silicon 
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particles falling off from the current collector [11-13]; (2) carbon 
coating [14-17]; (3) inactive composite materials as a buffer to 
cushion the volume change and enhance electronic conductivity 
[18-23]; (4) nanoscale size of the Si particles [24-26]; (5) porous 
structure [27-31]; (6) new electrolyte additive [32]; (7) capacity- 
limited cycling [33]; (8) artificial SEI film [34]. For example, Chang 
et al. reported a novel multilayered Si nanoparticle/Reduced 
Graphene Oxide (RGO) architecture [19]. This composite showed 
excellent electrochemical performance with high reversible 
specific capacity, superior capacity retention during cycling. Kim 
et al. synthesized Si nanoparticles with various particle sizes using 
reverse micelles at high pressure and temperature [24]. They found 
that Si particles with 10nm in size exhibited lower Coulombic 
efficiency than that of 20 nm in size. Cui et al. showed a hierarchical 
pomegranate structured silicon anode, resulting in high Coulombic 
efficiency and volumetric capacity [31]. However, the rate 
performance and cycle performance of Si/carbon composites were 
still unsatisfied due to the intrinsic poor electronic conductivity of 
Si, and should be further improved for commercialization. 

Due to its high electronic conductivity and low cost, metallic Si 
(MS) has been used to prepare silicon-based electrode [35]. 
However, in their fabrication processes, strong corrosive HF as 
etching agent, HNO; and H2SO, were inevitably used, the yield of 
porous silicon in this article was only 30%, the particle size of the 
silicon was about 1 um, which could be broken and peel off from 
the current collector due to Li* insertion into and deinsertion from 
Si electrodes, leading to rapid capacity decay, and most 


importantly, the lithium storage property using metallic silicon is 
still not satisfactory and can't meet the requirements for the 
practical application. In this work, we develop an efficient 
approach to synthesize a sandwich-structured graphite-metallic 
silicon@C (MS-G@C) composite via high-energy ball-milling of 
graphite and metallic silicon (MS), and then coating with carbon 
layers using sucrose as carbon source. Benefited from the trace 
elements in MS matrix, it has relatively high electronic conductiv- 
ity which can improve rate performance of silicon-based electrode. 
When evaluated as an anode material for LIBs, the low cost MS- 
G@C anode exhibits a high specific capacity of 830mAhg™! at 
0.5C, 650mAhg™! at 1C, and 251.2 mAhg`! at 5C respectively. 
Moreover, it shows an outstanding capacity retention capability 
with an average capacity loss of only 0.02% per cycle at 0.5 C. 


2. Experimental details 
2.1. Synthesis 


The MS-G@C composite was synthesized using high energy 
mechanical ball milling (HEMB) followed by sucrose pyrolysis 
based carbon coating. First, bulk MS using ethanol as dispersing 
agent was milled using HEMB at the speed of 350rpm for 70h. 
Then, the milled MS mixed with graphite with a weight ratio of 
© 25:35 was milled for another 2h at the speed of 200 rpm. 0.3 g of 
sucrose was dissolved in 10mL of deionized water to form a 
homogeneous solution. 0.7 g of MS-G was added the solution and 
stirred to dry, then, the mixture was thermally treated at 700°C for 
6h under high purity argon atmosphere with a ramping rate of 


5°Cmin“! and an Ar flow rate of 150 mL min™!. 


2.2. Characterization 


In order to identify the content of MS in the composite, thermal 
gravimetric analysis (TGA) has been performed for MS and the 
composite under air in a TGA machine (Pyris Diamond) employing 
at a heating rate of 10°C min~'. The composite was determined by 
X-ray diffraction (XRD) which was carried out using an AXS 
D8 Advance Diffractometer in the range of 20 = 10-90°. The content 
of the trace elements in the MS matrix was determined by X-ray 
fluorescence spectrometry (XRF). The microstructure and mor- 
phology of the composite were characterized using a Hitachi S- 
4800 field emission scanning electron microscope (SEM) and a FEI 
Tecnai G2 F20 transmission-electron microscopy (TEM) at an 
accelerating voltage of 200 kV. The BET specific surface area was 
analyzed using Nə absorption using an ASAP 2020M. Raman 
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measurements were carried out at room temperature using a 
Renishaw invia Reflex spectrometer equipped with micro-optics. 


2.3. Electrochemistry test 


To evaluate the electrochemical performance, the electrodes 
were fabricated using the mixture made up of 80wt% active 
material, 10wt% acetylene black and 10wt% carboxymethyl 
cellulose (CMC). Lithium metal was used as the counter and 
reference electrode. The electrolyte was composed of a 1 mol L~! 
LiPF, solution in fluoroethylene carbonate (FEC), dimethyl 
carbonate (DMC) and ethyl methyl carbonate (EMC) in 1:1:1 (v/ 
v/v) ratio. 2032Coin cells were assembled in a glove box filled with 
high-purity argon. The charge-discharge measurement of the cells 
was conducted on a LAND CT2000 battery test system in a voltage 
range of 0.01-1.5 V (vs Li*/Li). The cyclic voltammetry experiments 
were carried out on a CHI660 Electrochemical Workstation 
(Shanghai Chenhua) in the potential window from 0.01 to 1.5V 
(vs. Li*/Li) at a scan rate of 0.05 mV s~'. EIS was carried out using a 
Solartron 1470E Electrochemical Interface (Solartron Analytical, 
UK) electrochemical workstation at 25°C with the frequency 
ranging from 1 MHz to 0.01 Hz and AC signal of 10 mV in amplitude 
as the perturbation. 


3. Results and discussion 


Fig. S1 shows schematic illusion of the formation of the 
composite. The TGA curves obtained from the samples are shown 
in Fig. 1a and Fig. S3. From the curves of the as-prepared MS, MS-G, 
and MS-G@C composites, we can calculate that the weight of MS in 
the MS-G, and MS-G@C composites is about 71%, 36%, respectively. 
Fig. 1b presents the XRD patterns of the milled MS, the milled MS- 
G, and MS-G@C. As seen in Fig. 1b, the diffraction peaks from Si are 
very strong and can be assigned as the face-centered-cubic (fcc) Si 
phase. No peaks from metals can be found because the metals in 
silicon matrix are within trace level. There are no obvious 
differences between MS-G and the MS-G@C. Fig. S2 shows the 
nitrogen adsorption-desorption isotherms of the MS-G@C com- 
posite analyzed by the Barrett-Joyner-Halenda (BJH) method, and 
the Brunauer-Emmett-Teller (BET) specific surface area of the 
MS-G@C composite is 69.6 m?g~}. 

Raman spectroscopy is employed to identify the detailed 
structures of the MS and MS-G@C composites (Fig. 2). As shown in 
Fig. 2, the peaks at 1350 and 1580 cm“! correspond to the D and G 
bands of carbon materials, respectively. The ratio of the intensities 
between the D and G bands, which represents the defect quantity 
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Fig. 1. (a) TGA curves of MS nanoparticles and the MS-G@C composite. (b) X-ray diffraction patterns of the milled MS, the milled MS-G and MS-G@C. 
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Fig. 2. Raman spectra of MS and the MS-G@C composite. 


for the MS-G@C composite, is 1.2. In Fig. 2, MS nanoparticles show 
a peak at 515 cm™!, while the MS-G@C composites show a lower 
intensity. X-Ray Fluorescence (XRF) is conducted to determine the 
content of the trace elements in MS matrix, as shown in Table 1. 
The elements in MS matrix are mainly Cu and Fe with the mass 
percentage of 0.441% and 0.432%, respectively, and also other 
elements, Mn, Cr, V, et al. The electronic conductivity of MS could 
be improved by the doping effect of those trace metal elements in 
MS matrix. Four probe tester result confirmed that the electronic 
conductivity of MS is 8.89 x 10-°Scm~!, which is much higher 
than intrinsic Si (4.32 x 10~-°Scm~!) and that in the reported 
literature [36]. It is anticipated that the enhanced electronic 
conductivity can improve the rate performance of silicon-based 
anodes. 

Fig. 3a shows the photograph of the bulk MS. From the 
photograph, we can see that the MS has some metallic luster due to 
some trace metal elements in MS matrix, and then leads to the 
improvement of the electrochemical performance of the silicon- 
based anode materials. The uniform particle-size distribution of 
the milled MS is confirmed by SEM (Fig. 3b), which shows that the 
size of MS particles is around 150 nm in diameter. After the carbon 
coating, as shown in Fig. 3c and 3d, the particles of the MS-G@C 
composite are aggregated together, and the size of MS-G@C 
particles is larger than those of MS nanoparticles. Fig. 4 shows the 
TEM images of the as-obtained MS-G@C composite. From the 
HRTEM image in Fig. 4b, the lattice fringe is about 0.31 nm, 
corresponding to the d spacing values of (111) plane of cubic Si. 
The electron diffraction pattern comprises several bright concen- 
tric rings (Fig. 4c), indicating that these Si nanoparticles are 
polycrystalline. 

As confirmed by XRF measurements, Fe and Cu are the two 
major impurities in the MS matrix, with impurity concentrations of 
around 0.432% and 0.441%, respectively. From the result of the 
Four-probe tester measurement, the electronic conductivity of 
silicon is increased. For exploring the origin of enhanced electronic 
conductivity, a density functional theory study is carried out. 
Combined with the previous literature|37], an adjacent position in 
Si bulk is simultaneously replaced by Fe and Cu atoms. After 
relaxed, a serious structural distortion is found in this modified 
crystal structure, as shown in Fig. S4b. And then, Fe and Cu atom 


are jointly used for substituting the Si atom at the tetrahedral sites 
of Si bulk, as show in Fig. 5a. The calculation results show the 
relaxed structure of this modified crystal structure is similar with 
the pure Si bulk (Fig. S4a). On the basis of the relaxed modified 
crystal structure (Fig. 5a) and Si bulk, their electronic structures are 
calculated and presented in Fig. 5b. It is observed that Si bulk 
exhibits a semiconductive characteristic with a band gap of 
0.602 eV, which is in agreement with the previous calculation 
results [37]. After substituted, the electronic structure of the 
modified crystal structure is changed into metallic characteristics. 
This change is beneficial for charge transfer between electrode 
materials and current collector. Theoretical calculations together 
with structural analyses declare that the reason for the enhanced 
activity may be ascribed to the modified crystal structure by the 
local atomic structure modulations. 

Fig. 6 shows the first charge-discharge curves and cycle life 
performance of MS, MS-G, and MS-G@C between 0.01 and 1.5 Vata 
current density of 200mAg™—'. As shown in Fig. 6a-c, the first 
charge has a long plateau around 0.1 V, which corresponds to the 
lithiation of pure crystalline Si, and the charge plateau of Si after 
carbon coating apparently decrease, which demonstrates that the 
carbon coating is conducive to reduce the impedance. The first 
charge capacities of MS, MS-G, and MS-G@C composite are 2195.8, 
1068.3, and 1040 mAh g`! (Fig. Ga-c), respectively. The MS-G@C 
composite shows best capacity retention capability after 80 cycles 
(Fig. 6d) compared to the others, which could be attributed to the 
carbon coating because it could minimize the direct contact 
between the Si and electrolyte and promote the formation of a 
stable SEI layer on the surface of the Si anode. Fig. S5 shows the 
Coulombic efficiencies for MS, MS-G and MS-G@C. The reason for 
the low Coulombic efficiency in the first cycle of MS is huge volume 
expansion/contraction (>300%), leading to the pulverization and 
electrical disconnection of Si particles and unstable solid electro- 
lyte interface film formation. As for MS-G and MS-G@C electrodes, 
apart from the above side reactions, lithium ions remain 
irreversibly trapped into the carbon materials, which results in 
the low Coulombic efficiency in the first cycle. It has been reported 
that bare Si particles undergoing Li alloying and dealloying 
reactions are continually exposed to the electrolyte due to the 
recurrent generation of new active surfaces that are previously 
passivated by stable surface films, accelerating capacity fade 
[28,38-40]. 

Fig. 7a displays the cyclic voltammogram (CV) profiles of the 
MS-G@C composite in a potential window of 0.01-1.5 V (vs. Li*/Li) 
at a scanning rate of 0.05 mV s~! for the first 4 cycles. In the first 
half-cycle, a broad cathodic peak at around 0.8 V could be ascribed 
to the formation of a SEI film and the decomposition of electrolyte. 
This peak disappears under the subsequent cycles meaning that no 
new SEI film forms under subsequent process. Another cathodic 
peak appears at around 0.25 V and becomes very large below 0.1 V, 
which could be attributed to the reaction of between Li* and Si to 
form Li,Si alloys, as described in Eq. (1): 


Si + xLi* + xe7CLi,Si (1) 


After the first cycle, there are two much broader cathodic peaks 
at around 0.05V and 0.25V, which could correspond to the 
lithiation of amorphous Si. In the first anodic process, two broader 
anodic peaks at 0.38 and 0.5 V correspond to the extraction of Li* 


Table 1 

The content of the trace element of MS. 
Element Cu Fe Mn Cr V Co Mg P Zr Mo S K 
Content (mass%) 0.441 0.432 0.095 0.074 0.025 0.018 0.015 0.015 0.008 0.007 0.006 0.004 
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Fig. 3. (a) the photograph of bulk MS, SEM microscopy image of (b) the milled MS, (c) the milled MS-G, (d) MS-G@C. 


(b) 
AG) 3 Inm 


Fig. 4. (a) TEM image of obtained MS-G@C, (b) High-resolution TEM image, (c) selected area Electron Diffraction Spectroscopy (SAED). 


from Li,Si alloys, as described in Eq. (2): 
Li,SiGSi + xLi* + xe7 (2) 


The intensity of the anodic peak increases after the first cycle 
indicating improvement of Li extraction kinetics. CV behavior 
presents remarkably repeatable shapes after the first cycle 
demonstrating high reversibility of the charge/discharge process, 
which is consistent with the cycle capability of the composite. As 
shown in the CV measurements (Fig. S6), the electrodes composed 
of the milled MS, and the milled MS-G composites show severe 
capacity fading and loss of kinetics with cycling, demonstrating the 
deterioration of the composite structures upon repeated lithium 
ion insertion and extraction. The rate capability of the MS-G@C 
composite anode is presented in Fig. 7b. The MS-G@C composite 
could deliver a high specific capacity of around 830 mAh g`!, 
650 mAh g~t, and 251.2 mA h g~! at a current density of 0.5, 1, and 
5 C respectively. Moreover, it exhibits a superior capacity retention 
capability with an average capacity loss of only 0.02% per cycle at 


0.5C after 100 cycles, which is much better than the reported 
silicon-based anodes [41]. Fig. 7c shows charge/discharge profiles 
of the MS-G@C electrode at different current densities. With 
increasing the charge/discharge current density, the charge 
potential decreases and the discharge potential increases due to 
kinetic effects of the material, rendering higher over potential. 
Finally, Fig. 7d compares the rate performance of the MS-G@C 
composite in this work with those of reported silicon-based 
electrodes for lithium-ion storage including (graphene-wrapped 
silver-porous silicon composite [28], silicon nanoparticles inserted 
into graphene sheets [42], core-shell Si-N-doped C composite [43], 
double-walled silicon nanotube composite [44], 3D porous SiNP/ 
conductive polymer hydrogel composite [45], multilayered Si 
nanoparticles/reduced graphene oxide hybrid [46], Si-based 
multicomponent [47]). It is obvious that the rate capability of 
the MS-G@C composite is better than those of the silicon-based 
electrodes reported [41,48]. The improved cycling stability and rate 
capability of the MS-G@C composite are attributed to the 
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Fig. 5. (a) Part of the atomic model containing Fe-Cu dopants in silicon used in first-principle calculations. (b) First-calculations of projected density of states of silicon and Fe- 


Cu co-doped silicon. 


synergistic effect of some trace metal elements in MS matrix and 
the carbon coating. The main contribution of the trace metal 
elements in MS matrix is to improve the intrinsic electrical 
conductivity of Si and to facilitate fast intercalation of Li* into Si to 
improve the rate performance at high current densities, whereas 
the main contribution of the carbon coating also can increase the 
electrical conductivity of Si and protect the electrode from the 
direct contact with electrolyte, preventing the formation of 
unstable SEI film on the surface of MS particles and leading to 
enhanced cycle life of the batteries. In addition, the carbon coating 
can also buffer the substantial volume change of MS particles 
caused by lithium ion insertion/extraction as well as prevent the 
MS nanoparticles aggregation, ensuring the structural integrity of 
the electrode.The EIS of the MS-G@C electrode is measured to find 
the reason for the good rate capability and the improved cycling 


performance of silicon-based anodes (Fig. 8). The frequency range 
is set between 1 MHz and 0.01 Hz, and EIS is carried out on the 
sample after being charged to 1.5 V at 0.05 C in the 1%, 2", 5", 20", 
and 50" cycle, respectively. From Fig. 8, we can see that the 
Nyquist plots show a depressed semicircle at high frequency and a 
straight line at low frequency. The diameter of the depressed 
semicircle corresponds to the resistance of the SEI and the charge- 
transfer process, while the straight line represents the diffusion of 
lithium ion in the MS-G@C electrode. It can be seen that there is 
even a slight decrease in charge-transfer resistance after 
50 charge-discharge cycles, indicating a robust structure of the 
as-prepared electrodes and the good reaction kinetics, which is 
consistent with the good cycling stability of the MS-G@C 
composite. As shown in the EIS measurements (Fig. S7), a distinct 
increase in the resistance is observed for the milled MS and the 
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Fig. 6. Charge/discharge profiles of (a) MS, (b) MS-G, (c) MS-G@C in the first cycle. (d) Cycling performance of MS, MS-G and MS-G@C at a current of 0.05 C (based on the 
weight of the total electrode, 1 C=2000 mA g~!, the theoretical specific capacities of MS, MS-G are over 2000 mAh g`! To ensure the same current density of the three 


electrodes and be convenient calculation, in this paper we set 1C=2000 mA g`"). The coating thickness and coating density of the electrode are 22 um and 0.7mgcm~?. 
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Fig. 7. (a) Cyclic voltammogram of the 1st to 4th cycle of the as-prepared MS-G@C composite between 0.01 to 1.5 V (vs. Li*/Li) at a scanning rate of 0.05 mV s 
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performance of MS-G@C at various current densities, cycled between 0.01 and 1.5 V vs Li*/Li. (c) Charge/discharge profiles of the MS-G@C electrode at different current 
densities. (d) Comparison of the rate capacity of the MS-G@C composite with silicon-based materials (based on the weight of Si). 


milled MS-G composites, demonstrating the deterioration of the 
composite structures upon repeated lithium ion insertion and 
y extraction. Fig. S8 shows the equivalent electrical circuit of the 
electrodes. 

This demonstrates that the combined action of carbon coating, 
nanostructure and the high electronic conductivity of MS could 
significantly promote electron transport and lithium ion diffusion, 
and thus exhibit good electrochemical performance. In order to 
understand the effect of cycling on the morphology of the MS-G@C 
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Fig. 8. Nyquist plots of the electrodes of the MS-G@C after 1, 2, 5, 20 and 50 charge- 
discharge cycles at 0.05(C, obtained after charging to 1.5 V. 


composite, the half cells are disassembled in a charged state after 
50 cycles for SEM analysis. Fig. 9 shows that no obvious 
morphology changes can be observed after 50 cycles, and no 
cracks could be observed on the composite. However, in contrast to 
Fig. 9a, the average diameter of the composite appears a little 
increase because of the formation of SEI film and the volume 
expansion. Fig. S9 shows Cross-secotion images of the MS-G@C 
anodes before and after 100 cycles at a current density of 
50 mAg_'. With over 300% volume expansion due to Li-Si alloying, 
Si can agglomerate. Eventually the MS-G@C composite does not 
degrade because of overall structural stability. Therefore, the 
concrete structure of the MS-G@C composite can accommodate 
the volume change of Si, demonstrating the good rate capability 
and cyclability. 

The excellent electrochemical performance of the MS-G@C 
composite could be attributed to the following factors. (1) The 
nanostructured particles can effectively decrease the transport/ 
diffusion length of electrons and lithium ions, provide high contact 
area between the active material and electrolyte, and alleviate the 
large strain of Si caused by lithium ion insertion/extraction. (2) MS 
has relatively high electronic conductivity, resulting in a good rate 
capability. (3) The graphite network and the outside carbon coating 
layer not only can improve the electrical conductivity of the 
composite and accommodate the mechanical stresses/strains 
caused by Li* insertion/extraction, but also can maintain a stable 
SEI layer by protecting the electrode from the direct contact with 
electrolyte. Thus, the advanced structural design provides a highly 
conductive network and prevents Si pulverization during cycling, 
resulting in superior electrochemical performance. 
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Fig. 9. SEM microscopy images of the MS-G@C composite before (a) and after (b) 50 charge-discharge cycles. 


4. Conclusions 


In summary, the MS-G@C composite is prepared by a ball- 
milling process and further modified by carbon layers. The 
obtained sandwich-structured MS-G@C composite exhibits a high 
reversible capacity (830mAhg™! at 0.5C), a remarkable rate 
capability (a reversible capability of 650 and 251.2mAhg™! at 1 
and 5C, respectively), and a superior cycling stability (a high 
reversible capacity of 1700 mAh g~! after 100 cycles at 0.5 C with 
only 0.02% capacity decay per cycle). The improved electrochemi- 
cal performances could benefit from the advanced structural 
design, which provides a highly conductive network and prevents 
Si pulverization during cycling. The preparation strategy of the 
composite is straight forward and the raw materials are abundant 
and low cost. On the basis of these results, it is believed that the 
composite has a potential for use as a promising anode material for 
Li-ion batteries. 
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